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Responses of the ischemic acute renal failure kidney to additional
ischemic events. To test whether the ischemic acute renal failure (IARF)
kidney has increased susceptibility to additional ischemic events, IARF
was induced in female Sprague-Dawley rats [40 mm of bilateral renal
artery occlusion (RAO)] and either 18 or 48 hr later, at the height of
morphologic injury, they were rechallenged with either 25 or 40 mm of
RAO. Changes in renal function (GFR, blood flow), morphology, and
adenine nucleotide (AN) concentrations in response to these second
ischemic challenges were compared to those of normal kidneys sub-
jected to a single ischemic event. In additional experiments, rates of
recovery from IARF were compared between rats subjected to one or
two bouts of RAO (40 mm, 24 hr apart). IARF kidneys retained a
significantly greater percent of their baseline GFR and had comparable
or higher absolute GFRs after 25 or 40 mm of RAO than control rats.
IARF rats showed no significant exacerbation of their underlying
morphologic injury by superimposing a second ischemic event. IARF
kidneys (24 hr post RAO) had normal AN concentrations, and by 30 mm
of reflow from a second 40 mm of RAO, they re-established their AN
energy charge and retained AN pools as well as control kidneys. A
second 40-mm bout of RAO did not significantly prolong recovery rates
from the first 40-mm ischemic event. In additional experiments, intra-
peritoneal injection of normal urine or solute matched artificial urine
(urea, creatinine, NaCl) into normal rats to mimic the degree of
azotemia seen in the IARF rats induced significant and comparable
protection against 40 mm of RAO. We conclude that the IARF kidney,
at or near the height of its functional and morphologic injury, does not
have increased susceptibility to additional ischemic insults. Rather a
modicum of protection appears to exist, possibly due to renal-failure-
induced increments in solute loads per nephron.
Réponses du rein en insuffisance rénale aigUe ischemique a des
phénomènes ischemiques supplémentaires. Afin de preciser si le rein en
insuffisance rénale aigue ischémique (IARF) offre one plus grande
susceptibilité a des phenomenes ischdmiques supplementaires, une
IARF a dté induite chez des rats femelles Sprague-Dawley [obstruction
de l'artere rénale pendant 40 mm (RAO)] et, soit 18 hr, soit 48 hr plus
tard, au maximum des lesions morphologiques, ils ant été a nouveau
soumis h une RAO de 25 ou de 40 mm. Les modifications de function
rénale (GFR, debit sanguin), Ia morphologie, et les concentrations
d'adénine nucléotide (AN) en réponse a ce second phdnomène
ischemique ont été coniparees a celles de reins normaux soumis un
seul episode ischemique. Dans des experiences supplementaires, les
vitesses de récupdration de l'lARF ont été comparées entre les rats
soumis a i ou 2 episodes de RAO (40 mm, separees de 24 hr). Les reins
IARF conservaient un plus fort pourcentage de leur GFR de base et
avaient des GFR absolues comparables ou plus élevees aprés 25 00 40
mm de RAO que les rats contrôles. Les rats IARF ne présentaient pas
d'exacerbation significative de leurs lesions morphologiques sous-ja-
centes par superposition du second phénomène ischémique. Les reins
IARF (24 hr post RAO) avaient des concentrations d'AN normales et au
bout de 30 mm de reperfusion après une seconde RAO de 40 mm, ils
réétablissaient leur charge énergétique en AN et conservaient leur pool
d'AN aussi bien que les reins contrôles. Un second episode de 40 mm
de RAO ne prolongeait pas significativement les vitesses de
récupération a partir do premier phenoniène ischemique de 40 mm.
689
Dans des experiences supplementaires, l'injection intraperitoneale
d'urines normales ou de solutés réalisant une urine artificielle (urée,
créatinine, NaCl) a des rats normaux pour simuler le degre d'azotémie
observe chez les rats IARF a induit une protection signiflcative et
comparable contre une RAO de 40 mm. Nous concluons, le rein IARF,
au maximum, ou presque, des lesions fonctionnelles et morphologiques
n'a pas de susceptibilité accrue a des atteintes ischémiques supple-
mentaires. II semble plutflt exister une protection modeste peut-étre
due a l'dlévation, liée a l'insuffisance rénale, de Ia charge de salutes par
nephron.
The clinical course of patients with ischemic acute renal
failure (IARF) may be complicated by recurrent bouts of renal
ischemia. These events may arise either from complications of
the underlying disease (for example, sepsis and hemorrhage) or
from cardiovascular instability induced by acute hemodialysis.
Since the IARF kidney may not autoregulate renal blood flow
(RBF) normally [1—4] even a modest drop in systemic perfusion
pressure could induce relatively severe renal ischemia. How-
ever, the degree of susceptibility of the IARF kidney to fresh
ischemia has not been defined previously. A number of theoreti-
cal considerations raise the possibility that these kidneys might
be highly susceptible to these fresh ischemic insults. For
example, even a mild degree of renal ischemia might induce
widespread necrosis in tubular cells which were sublethally
injured by the first ischemic event. Previously unobstructed
tubular segments containing large amounts of sloughed cellular
debris might then become severely impacted with the addition
of only small amounts of fresh necrotic material. If proximal
tubular pressures were to rise as a result of this obstruction, or
if tubular permeability were to be enhanced, increased backleak
of glomerular filtrate could result. Thus, these pathophysiologic
events might dramatically exacerbate the degree of renal func-
tional impairment and perhaps substantially prolong IARF
recovery rates. Some support for these theoretical considera-
tions comes from recent studies which indicate that even mild
tubular injury induced by gentamicin [5], or possibly by amino
acids [61 can profoundly potentiate both structural and func-
tional parameters of superimposed ischemic injury. Thus, in
view of these considerations, it seems possible that the IARF
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Sprague-Dawley rats (N=40)
40 mm RAO (N=20)/ Sham RAO (N—20)/\
kidney could be in double jeopardy of developing fresh ische-
mic tubular necrosis: (1) It is predisposed to renal ischemia
because of a loss of RBF autoregulation, and (2) the existing
tubular injury might render it more susceptible to fresh ischemic
insults. However, the second part of this hypothesis has not
been previously tested. Toward this goal we have subjected rats
with IARF to either a mild (25 mm) or a severe (40 mm) bout of
renal ischemia and compared their responses to those of normal
rats. The ischemic challenges were administered either 18- or
48-hr post induction of IARF, a time at which no significant
morphologic recovery had occurred. Thus, the same injured
epithelium, not a regenerated epithelium, was being rechal-
lenged. This is in contrast to other studies [for example, 7—18] of
the susceptibility of the ARF kidney to a second bout of injury
which have employed nephrotoxic models of ARF rechallenged
with a nephrotoxin well into or after the recovery phase of
injury, a time by which significant tubular regeneration had
occurred.
Methods
Female Sprague-Dawley rats (N = 109; weight, 168—244 g;
Laboratory Supplies, Indianapolis, Indiana) maintained under
standard laboratory conditions were used in all of the following
experiments.
Protocol for inducing IARF
Rats (N = 20) were anesthetized with pentobarbital (20 to 30
mg/kg), a midline abdominal incision was made, both renal
arteries were isolated, and then bilateral renal artery occlusion
(RAO) was induced with 1-inch smooth vascular clamps for 40
mm. Following clamp removal, the abdominal incision was
sutured. After recovery from anesthesia, the IARF rats were
allowed fee access to food and water. Twenty additional rats
underwent the exact same surgical procedure, except that sham
RAO was performed (sham RAO rats).
Superimposed ischemic injury protocol (see Fig. 1)
The 20 above IARF rats and the 20 sham RAO rats were
subjected to the following protocol to compare their functional,
hemodynamic, and histologic responses to either a 25- or
40-mm ischemic event either 18 or 48 hr after the above surgery
(five IARF and five sham rats for each length of ischemia at
each time period, as depicted in Fig. 1). The rats were anesthe-
tized with 100 mg/kg of butylethyl-thiobarbituric acid (mactin,
Byk Gulden Konstang, Hamburg, West Germany), a trache-
48 hr later/\
otomy was performed (PE240), a 200-pi tail vein serum sample
was obtained for blood urea nitrogen (BUN) determination, and
PESO catheters were inserted into the left carotid artery and left
jugular vein. The arterial line was used to continuously monitor
mean arterial blood pressure (P23 Gould Statham pressure
transducer, Oxnard, California; Sensotic 450 D Digital Re-
corder, Columbus, Ohio). The jugular venous line was used to
infuse 0.9% NaC1 containing sodium iothalamate 1251 40,000
cpm/ml (Glofil, Iso-Tex, Friendswood, Texas). Initially, a 2%
body weight prime of this solution was administered (0.21
mI/mm) and then the infusion was maintained at 2.34 mllhr for
the remainder of the experiments. Fifteen minutes after com-
pleting the intravenous prime, the urinary bladder, exposed
through a 2-cm suprapubic incision, was emptied. This was
done by bathing it with 20 l of a 1:10 dilution of bethanechol
(Urecholine, Merck, Sharp, Dohme, West Point, Pennsylvania)
to stimulate its contraction, followed by gentle bladder com-
pression exerted through repositioned abdominal musculature
as previously described [5, 6]. Urine was collected directly from
the urethra in radioimmunoassay counting tubes. Completeness
of bladder emptying was confirmed by visual inspection. Then,
three consecutive 30-mm urine collections were completed;
35-1d tail vein serum samples were obtained at the time of each
bladder emptying. Urine and serum samples were counted for I
and 5 mm, respectively, in a gamma counter. The first 30-mm
urine collection was discarded (equilibration period). Glomer-
ular filtration rates (GFRs) for the second and third urine
collection periods were assessed by calculating the clearance of
iothalamate (CI0th) [191 using the mean serum CPM for each
collection period. The mean C0h for these two periods was
designated as the baseline C10th.
Following completion of this baseline assessment of renal
function, the previous abdominal incision was opened and both
renal arteries were isolated and occluded for either 25 or 40 mm.
Post ischemia, CtOth was measured for 160 mm (four 40-mm
urine collection periods) as described above. At the end of these
four postischemic periods, left renal blood flow (RBF) was
determined. A 1.5-mm flow probe (EP 101.5; flow meter #501,
Carolina Medical Instruments, King, North Carolina) was po-
sitioned around the left renal artery, 10 mm were allowed for
RBF to stabilize, and the value for RBF was recorded. Prior to
the removal of the probe, the renal artery was occluded for a
few seconds distal to the probe to confirm a zero flow reading.
The probe had previously been calibrated by perfusing ex vivo
18 hr later 48 hr later 18 hr later/\ /\ /\
25mm 40mm 25mm 40mm 25mm 40mm 25mm 40mm Fig. 1. Schematic representation of distribution
RAO RAO RAO RAO RAO RAO RAO RAO of rats (IARF rats; sham RAO rats) into the
(N=5) (N=5) (N=5) (N5) (N=5) (N=-5) (N—5) (N=5) respective experimental groups.
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segments of carotid artery with blood at rates of 0.7 to 10.0
mi/mm.
Following RBF determination the left kidney was fixed in
vivo for subsequent histologic evaluation (performed approxi-
mately 3 hr post reflow). A 16-gauge catheter (Teflon) was
inserted into the abdominal aorta above the iliac bifurcation, the
left renal vein was cut, the aorta was immediately ligated above
the left renal artery, and retrograde perfusion was performed
times 5 mm at 140 mm Hg with 1.25% glutaraldehyde in 0.1 M
sodium phosphate buffer. Frontal kidney sections were cut and
stored in 10% buffered formalin, pH 7.4. Tissue samples were
embedded in paraffin and 4-gm sections were cut and stained
with hematoxylin and eosin.
Evaluation of IARF kidneys in the absence of a second
ischemic event
To evaluate RBF and renal histology of the IARF rats in the
absence of a superimposed ischemic event, 12 additional IARF
rats were surgically prepared as described above either 18 (N =
6) or 48 hr (N = 6) after the 40 mm of RAO. Baseline C0th was
measured, RBF was determined, and the left kidneys were then
perfused fixed in vivo (without being subjected to any additional
ischemia) exactly as described above.
Influence of a second ischemic event on the course of IARF
Sixteen additional rats were anesthetized with pentobarbital,
tail vein BUN and creatinine measurements were determined
(20O-d serum samples), and then they were subjected to 40-mm
RAO as previously described. Twenty-four hours later, BUN
and creatinine measurements were re-determined, the rats were
re-anesthetized with pentobarbital, and they were randomly
allocated to receive either an additional 40-mm period of RAO
(N = 8) or sham RAO (N = 8). BUN and creatinine measure-
ments were then determined every 24 hr for an additional 8
days. At the end of this period (9 days following the initial
episode of ischemia), the rats were anesthetized with mactin
and the kidneys were fixed in vivo as described above.
Adenine nucleotide pools of normal and IARF kidneys before
and after additional ischemia
To gain insight into degrees of subcelluiar resistance to
ischemic injury, adenine nucleotide pools were measured in
IARF rats and normal rats in both the basal state and after a
40-mm ischemic challenge. Twenty rats underwent either 40
mm of RAO (N = 10) or sham RAO (N = 10). Twenty-four
hours later left kidneys of five rats in each group were freeze-
clamped in vivo at liquid nitrogen temperature. The remaining
rats were subjected to 40 mm of bilateral RAO and after 30 mm
of reflow, their left kidneys were also freeze-clamped. The
outer third of the frozen kidneys was chipped off under liquid
nitrogen and pulverized into fine particles. Adenine nucleotides
were extracted in 0.6 M perchioric acid, neutralized in
triethanolamine/potassium hydroxide [20], and then stored at
liquid nitrogen temperature until assay for ATP, ADP, and
AMP by spectrophotometric enzymatic analysis [21, 22]. Each
sample was assayed in duplicate and the results were expressed
as nanomoles per milligrams of tissue protein, determined by
the Lowry method. The adenine nucleotide energy charge (EC)
was calculated by the formula
-
ATP + 1/2ADPEC AXP (I)
where ATP denotes adenosine-5'-triphosphate, ADP denotes
adenosine-5'-diphosphate, and AXP (total adenine nucleotides)
= ATP + ADP + AMP.
Uremic solute loading as a possible protective mechanism
against IARF
The following experiments were performed to assess whether
the degree of azotemia (and hence solute loading) induced by
the IARF protocol could have protected the kidney against
further ischemic injury. Twenty rats were anesthetized with
pentobarbital, a tail vein serum sample was obtained for BUN
and creatinine, and they were then divided into three groups.
Group 1 (N = 7) received 8 ml of normal human urine
intraperitoneally (urea 1480 mg/di; creatinine 206 mg/dl; Na
168 mEq/liter; C1 113 mEq/liter; osmolality 1059 mOsm/kg).
Group 2 (N = 7) received 8 ml of artificial urine (urea 1480
mg/dl, creatinine 206 mg/dl, NaC1 256 mEq/liter—the excess to
raise osmolality to 1059). The intraperitoneal injection of these
two fluids was previously shown to induce a comparable degree
of azotemia to that observed in the IARF rats (BUN, ap-
proximately 55 mg/dl). Group 3 (N = 6) received a sham
intraperitoneal injection. One hour later, a repeat BUN and
creatinine were determined and then each rat was subjected to
40 mm of RAO. After suturing the abdomen, groups I and 2
received an additional 8 ml of their respective intraperitoneal
fluids (to replace the fluid lost during laparotomy). After re-
covery from anesthesia free access to food and water was
allowed, BUN and creatinine measurements were taken 24 and
48 hr later and the kidneys were then perfusion fixed for
histologic evaluation.
Calculations and statistics
C0Ih was expressed as d/min/l00 g of body weight. The
percentage recovery of Cloth for the acute experiments was
determined by comparing the mean CI0h for the last 80 mm of
each experiment with the mean CØth for the 60-mm period prior
to RAO. All values given are means SEM. Statistical com-
parisons between matched groups were performed by unpaired
Student's t test. Multiple comparisons between groups were
performed by analysis of variance with after testing by Newman
Keuls' test. Significance was judged by aP value less than 0.05.
Histologic evaluations
F
Kidney sections were divided into four groups: (1) sections
from sham rats obtained approximately 3 hr post 25 or 40 mm
RAO; (2) sections obtained from IARF rats either 18 or 48 hr
post RAO with or without the superimposed ischemic events;
(3) sections from rats subjected to the sequential BUN, cre-
atinine studies (obtained 9 days postinduction of IARF); and (4)
sections obtained from the intraperitoneal urine/artificial urine
experiments. The sections in each of the groups were coded and
scored in a blinded fashion using a scale of 1 to 6 where 1 is the
mildest and 6 is the most severe injury seen in any of these
histologic sections. Injury in groups 1, 2, and 4 was assessed by
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Table 1. Acute responses to 25 mm of renal artery occlusiona
N
Baseline renal function
Post 25 mm renal artery occlusion
COth
% C0
recovery UF RBFBUNb C.othc UFd
(A)
18 hr post surgery
Sham rats 5 18 1 543 32 7 2 149 55 28 11% 18 8 3.1 0.7
IARF rats 5 45 7 239 53 7 1 268 83 81 17% 9 1 3.5 0.7
P <0.01 <0.01 NS NS <0.05 NS NS
(B)
48 hr post surgery
Sham rats 5 18 1 639 70 8 2 332 72 52 10 22 2 4.1 0.5
IARF rats 5 106 33 194 74 16 3 156 65 78 4 24 2.5 0.2
P <0.001 <0.01 NS NS <0.05 NS <0.02
(C)
A + B combined
Sham rats 10 18 1 591 40 8 1 240 51 40 8 20 4 3.6 0.4
IARF rats 10 76 21 217 44 11 2 212 53 80 8 16 3 3.0 0.4
P <0.001 <0.001 NS NS <0.01 NS NS
A1l values given are means SEM.
bBUN is blood urea nitrogen in mg/dl.
cCjoth denotes clearance of iothalamate, pJ/min/100 g body wt. Baseline values are means for the 60 mm prior to renal artery occlusion and the
post values are means for the last 80 mm of the experiments. The percentage of CI0h recoveries are the means of the individual percentage
recoveries.
dUF denotes urine flow, d/min. Baseline values are for the 60 mm prior to renal artery occlusion while the post values are for the entire
postischemia period.
RBF is renal blood flow in mi/mm.
Table 2. Acute responses to 40 mm of renal artery occiusiona
N
Baseline renal function Post 40-mm renal artery occlusion
BUN CI0h UF C0th % C01, recovery UF RBF
(A)
18 hr post surgery
Sham rats 5 19 2 601 71 8 2 21 15 5 3% 6 3 3.7 1.0
IARF rats 5 62 23 197 59 9 3 94 43 40 11% 5 1 2.3 0.2
P <0.01 <0.01 NS NS <0.01 NS NS
(B)
48 hr post surgery
Sham rats 5 19 2 533 21 6 2 25 11 4 2% 15 8 3.1 0.8
IARF rats 5 53 12 255 39 19 3 70 15 31 11% 22 3 2.8 0.4
P <0.01 <0.01 <0.01 <0.05 <0.05 NS NS
(C)
A + B combined
Sham rats 10 19 1 567 48 7 2 23 9 5 2% 10 4 3.4 0.6
IARF rats 10 57 11 236 35 14 3 82 22 36 8% 14 3 2.6 0.3
P <0.001 <0.001 <0.05 <0.05 <0.001 NS NS
aAll values given are means SEM, See Table 1 for definitions of abbreviations.
the amount of tubular necrosis and intraluminal debris/casts
observed. Coded sections in group 3 were scored on a scale of
1 to 6, where I is almost normal histology and 6 is the worst
tubular histology seen in any of these sections. Injury in these
rats was assessed by the amount of intraluminal debris and the
degree of tubular dilatation observed. (Please note the numeri-
cal scores used for group 3 had no relationship to those used in
groups 1, 2, and 4.) The severity of injury within the groups was
compared by the Wilcoxon Mann-Whitney test. The score used
for statistical analysis was the mean of these scores, averaged
to the nearest whole number.
Results
IARF, sham rats: Acute functional responses to ischemia
(Tables I and 2 and Figures 2—4)
Baseline renal function. The mean baseline C0th for all
sham-operated rats was 579 31 while the mean C10th for the
IARF rats was 218 29 (18 hr) and 225 29 (48 hr)
(approximately, 38% of sham rats). No significant differences in
baseline urine flow rates were noted between sham and IARF
rats 18 hr postsurgery. However, by 48 hr postsurgery, the
baseline urine flow rate was significantly higher for the IARF
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<0.05 <0.05
than for the sham group (17 2 vs. 7 1; P < 0.01). The
BUNs for the IARF rats were substantially elevated at both 18
(54 10) and 48 hr (80 22) postsurgery (19 1, sham rats).
Twenty-five minute challenge. The IARF rats when chal-
lenged with 25 mm of ischemia either 18 or 48 hr after the first
ischemic event recovered a significantly greater percent of their
baseline ClOth (81 17%; 78 4%, respectively) than did the
sham rats (28 11%, 18 hr; 52 10%, 48 hr) (P <0.05 vs. their
IARF counterparts) (see Fig. 2). Analyzed together, these two
groups of IARF rats and two groups of sham ral s recovered 80
8% and 40 8% of baseline GFR, respectively (P < 0.01).
The mean absolute loss of C10th for all IARF rats following 25
mm of ischemia was 5 pi/min/100 g body wt, while the sham rats
lost 351 1.dlmin/l00 g body wt (see Fig. 3). Thus, the absolute
CI0h after 25 mm of ischemia did not significantly differ between
the IARF and sham rats (212 53 vs. 260 51, respectively)
despite the much lower baseline Cl0th for the IARF group. No
significant differences in urine flow rates were noted between
the sham and IARF rats following the 25-mm ischemic chal-
lenge. Postischemic RBF did not significantly differ between the
two groups of rats studied 18 hr postsurgery. However, at 48 hr
postsurgery, the sham rats had a significantly higher
postischemic RBF than did the IARF rats (4.1 0.5 vs. 2.5
0.2, P < 0.02).
Forty-minute challenge. Following the 40-mm ischemic chal-
lenge, the IARF rats regained 40 11% (18 hr) and 31 11%
(48 hr) of their baseline C0th, while the sham rats regained only
5 3% (18 hr) and 4 2% (48 hr) (P < 0.05, both groups) (Fig.
2). Analyzed together, the % Cl0th recoveries for these IARF
and sham rats were 36 8% and 5 2%, respectively (P <
0.001). The absolute postischemic Cl0h was significantly higher
for the IARF rats than for the sham rats following the 40-mm
ischemic challenge (82 22 vs. 23 9, P < 0.05), despite the
much lower baseline C0h for the IARF group (Fig. 4).
Postischemic urine flow rates and RBFs did not significantly
differ among these groups.
Influence of a second ischemic event on the course of IARF
The sequential changes in BUN and creatinine values for the
rats subjected to either one or two 40-mm ischemic events (24
hr apart) are depicted in Figures 5 and 6. Twenty-four hours
after the initial bout of ischemia, the rats which were blindly
allocated to receive the second bout of ischemia had higher
mean BUN and creatinine values than did the rats which were
randomized to the sham operation (BUN 66 15 vs. 52 8;
creatinine 1.56 0.27 vs. 1.18 0.16) although these differ-
ences were not statistically significant. The second ischemic
event led to further significant increments in both the BUN and
serum creatinine concentrations. However, by 4 to 5 days after
the last (or only) ischemic event, both groups of rats had BUN
and creatinine values of less than 30 and 0.7 mg/dl, respectively.
Both groups returned their BUNs and creatinines to baseline
values (by paired t test) at approximately the same time (7 to 8
days after the start of the experiments). All rats survived the
entire experiments. Within each of the two groups there was a
significant correlation between the BUN noted 24 hr after the
last (or only) bout of RAO and the number of days required for
the BUN to return to normal (95% confidence band for BUN) (1
RAO group r = 0.86; 2 RAO group r = 0.82; P < 0.02).
Renal function of IARF rats used for histologic comparison
to the re-injured IARF rats (Table 3)
Cl0h and urine flow rates for the IARF kidneys harvested 18
and 48 hr postischemia without superimposing a second ische-
mic event were not significantly different from the baseline
values of the IARF rats subjected to an additional 25 or 40 mm
of RAO. These rats showed a significantly higher RBF at 48-
versus 18-hr post ischemia (4.8 0.3 vs. 2.9 0.4, respec-
tively, P < 0.05).
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Fig. 3. Absolute C1,,,, values before and after (80 to /60 mm) 25 lain of
RAO for sham rats (on left) and for JARF rats (on right). Horizontal
bars represent mean values and A represents the mean absolute loss of
C0h in response to ischemia for the groups. Despite a significantly
higher baseline C0t for the sham rats the postischemic C0h for the
IARF and sham rats was not statistically different. Symbols are: I, 18
hr post-surgery: 0. 48 hr post-surgery.
Renal histology (Figs. 7—JO)
Sham rats 3 hr post 25 or 40 mm of ischemia. Rats subjected
to 25 mm of RAO showed relatively mild tubular injury consist-
ing primarily of mild to moderate degrees of brushborder bleb
formatiofi and occasional areas of focal tubular necrosis mainly
in the outer medullary stripe. A relatively small number of casts
composed primarily of brushborder blebs were seen in the outer
medullary stripe and in the medullary rays. In contrast, the rats
subjected to 40 mm of RAO showed severe brushborder bleb
formation, and there were widespread areas of focal tubular
necrosis and occasional areas of confluent tubular necrosis,
most prominent in the outer medullary stripe. Large numbers of
tubular segments in the outer medullary stripe and in the
medullary rays were occluded with brushborder blebs and
tubular cell debris. Occasional hyaline casts were also ob-
served. Mild to moderate tubular dilatation was seen (Fig. 8A
and B). Some sections showed mild interstitial hemorrhage.
Glomeruli appeared normal.
!ARF rats /8 or 48 hr postischemia additional ischemia
(Figs. 7 and8). Kidney sections obtained from IARF rats 18 or
48 hr post-IARF showed focal to confluent areas of tubular
necrosis throughout the outer medullary stripe and focal areas
of tubular necrosis in the cortex. Large amounts of necrotic
tubular cell debris were seen in most tubular segments. Large
numbers of hyaline casts were seen but relatively few brush-
border blebs were present. Large numbers of tubular segments
Pre Post Pre Post
Sham -- 40 mm Ischemia IARF 40 mm Ischemia
Fig. 4. Absolute C15 values before and after (80 to 160 mm) 40 mm of
RAG for sham rats (on left) and for IARF rats (on right). Horizontal
bars represent mean values and A represents the mean absolute loss of
C0lh in response to ischemia for the groups. Despite a significantly
higher baseline C0th for the sham rats the postischemic C01, was
statistically higher for the IARF rats (P < 0.05).
appeared impacted with hyaline casts and amorphous necrotic
debris. Tubular dilatation, areas of flattening of the tubular
epithelium, and areas of denuding of tubular basement mem-
branes were evident. The degree of tubular cell necrosis ap-
peared somewhat more complete in the sections examined 48 hr
rather than 18 hr postischemia.
The severity of histologic injury in the kidney sections from
IARF rats obtained 3 hr post 25 or 40 mm of additional ischemia
was not significantly worse than that observed in the above
IARF rats (see Figs. 7 and 8). After uncoding the sections, it
appeared that some of the rats with the second ischemic
challenges had more brushborder blebs than their non-re-
injured counterparts, but the degree of this blebbing was very
mild compared to the sham rats evaluated 3 hr postischemia.
Renal histology: 9 days postischemia (Figs. 9 and 10). Rats
subjected to either one or two ischemic events and whose
kidneys were harvested 9 days later showed a number of
histopathologic changes, primarily in the outer stripe of the
outer medulla and in the interstitium. These included focal
areas of tubular dilatation, focal areas of denuding of the tubular
basement membrane, areas of flattening of tubular epithelium,
and small amounts of intraluminal necrotic debris. A small
number of hyaline casts were observed in the medulla and
cortex. The severity of these tubular changes was extremely
mild compared to the changes noted 18 or 48 hr postischemia.
Large areas of the cortex and medulla from these rats appeared
totally normal. The interstitium showed variable degrees of
expansion with edema and some mononuclear cell infiltration.
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Fig. 5. Sequential changes in BUN for IARF rats subjected to either
one or two 40 mm episodes of RAO (24 hr apart). Day 0 represents
baseline values. The first RAO was performed on day 0 and the second
episode of RAO (or sham RAO) was performed on day I (just after
obtaining the serum sample for BUN). BUNs returned to baseline
values at the same time for both groups (day 8).
Ischemic ARF 695
C.C09•It6 i.S0.0 9?.iI&L0' 00<i: <<
a: a: a:
0
at
a:
00<ata:a:
I I E
I I.i7?" 2.8
E
'CU)
z
a:
120
100
80
60
40
20
U
<0.01 NS
.4 4
NS < 0.024
2.4
2.0
aC
. 1.6
C,
a)
C,
E
2 1.2a
U)
0.8
0.4
NS4
0' II I!!!..
0 2 4 6 8
Time, days
Fig. 6. Sequential changes in serum creatinine for IARF rats subjected
to one or two 40 mm episodes of RAO (24 hr apart). The serum
creatinine for the two groups returned to baseline values by days 7
(RAD x 1) and 8 (RAO x 2). There was no significant difference in
serum creatinine values between the two groups from day 6 onward.
artificial urine treated rats. The degree of azotemia was virtually
the same in the urine and artificial urine treated rats throughout
the course of these experiments. Renal histologic analysis
showed strikingly less tubular necrosis and cast formation in the
intraperitoneal urine and artificial urine treated rats compared
to the control rats (P < 0.05). Histologic injury was comparable
for the urine and artificial urine treated groups.
Discussion
To evaluate the degree of vulnerability of the IARF kidney to
further ischemic injury, we have subjected rats within the
maintenance phase of IARF to additional periods of RAO and
compared the resulting acute functional and histologic re-
sponses to those of normal rats. In addition, the influence of a
40-mm ischemic event on adenine nucleotide pools of IARF and
normal kidneys have been compared. Finally, the effect of a
second bout of RAO on the rate and degree of functional and
morphologic recovery from IARF has been evaluated. On the
basis of these studies we conclude that the IARF kidney is not
highly susceptible to additional ischemic insults. This is in
striking contrast to previous studies [5, 6] which indicate that
The severity of these histologic changes in these rats did not
significantly differ between the groups subjected to the one or
two bouts of RAO (see Figs. 9 and 10). Occasional punctate
calcifications were seen in some of the sections.
Adenine nucleotide pools (see Table 4)
The IARF rats (24 hr post 40 mm of RAO) and the control
rats had nearly identical ATP, ADP, AMP (adenosine-5'-
monophosphate), and AXP concentrations and energy charges
(0.90). Thirty minutes following the 40-mm ischemic challenge
(administered 24 hr after the first RAO or sham RAO), both the
IARF and control rats showed a high degree and equal amount
of recovery of their energy charges (IARF, 0.75; controls, 0.72).
(Please note that values of  0.3 routinely exist at the end of 
15 mm of RAO.) Both groups showed a comparable loss of AXP
in response to the 40-mm ischemic event (controls: 26.7 —*6.5;
20,2; IARF: 25.5 —* 6.8, .1. 18.7). ATP concentrations were
comparable at 30 mm post reflow (controls 3.8; IARF rats 4.1).
Uremic solute loading experiments (see Table 5)
Despite the significant azotemia in the urine/artificial urine
treated groups prior 1040 mm of RAO, by 24 hr after RAO these
rats had significantly lower BUNs than the control rats (Table
5). By 48 hr post RAO the BUNs and creatinines were threefold
to fourfold higher in the control rats than in either the urine or
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N BUN C0Ih5 UF" RBFd
18 hr post RAO 6 42 6 267 31 7 1 2.9 0.4
48 hr post RAO 6 72 25 196 45 14 4 4.8 0.3
P (NS) (NS) (NS) (<0.05)
aThe severity of renal injury in these rats, as assessed by BUN and
C0h, was not significantly different from that observed in the rats in
Tables 1 and 2 prior to the onset of the second ischemic event. Thus, the
renal histologic findings in these rats were used as comparisons to those
observed in the rats from Tables I and 2 (to assess the effects of the
second ischemic events). The above 18-hr RBF value did not statisti-
cally differ from 18-hr IARF values (post second bout of ischemia) given
in Tables I and 2. However, the above 48-hr RBF value was signifi-
cantly higher than the 48-hr IARF values given in Tables 1 and 2 (P <
0.05).
"CIOh denotes pi/minhlOo g body wt.
'UF denotes urine flow (pJ/min).
dRBF denotes mi/mm.
RAO denotes renal artery occlusion.
pre-existent mild toxic tubular injury can dramatically sensitize
the kidney to superimposed ischemic events.
The first set of observations that support the notion that the
IARF kidney is not highly vulnerable to a second bout of
ischemia are the C0th determinations which were performed in
IARF and sham rats before and after 25 or 40 mm of renal
ischemia. Although these experiments do not permit an assess-
ment of the degree of susceptibility of the total IARF kidney to
further ischemia (since some nephrons were probably non-
functional), presumably they do allow a comparison of the
degree of vulnerability of those nephrons within the IARF and
normal kidneys which had excretory function. Although it is
impossible to know what percentage of the total nephrons
within the IARF kidneys were functioning, and thus available
for study using a clearance technique, it seems likely that it
must have been substantial since the mean baseline C10th for the
IARF rats was 38% of normal and because it is far more likely
that a large number of injured nephrons rather than only a small
number of ischemia-resistant nephrons contributed the bulk to
the total kidney function [4]. The histologic finding of wide-
spread rather than scattered tubular injury throughout the outer
medullary stripe tends to support this assumption. When these
IARF rats and the sham rats were subjected to 25 or 40 mm of
ischemia, the IARF rats lost significantly smaller percentages of
their baseline C01h whether challenged at either 18 or 48 hr after
the first ischemic event. The 25 mill challenge caused a mean
absolute loss of C0h in the sham and IARF rats of 351 and 5
pi/min/lOO g body wt, respectively. Thus, despite the fact that
the IARF rats had a much lower starting C05 than the sham
rats, by the end of these experiments C10 for the two groups
were no longer statistically different. Following the 40-mm
ischemic challenge, the IARF rats actually had a significantly
higher absolute CIOh than did the sham rats. Thus, this finding
suggests that the higher % C0t recoveries for the IARF rats
than for the sham rats was not simply due to the first bout of
ischemia selecting out an ischemia-resistant nephron population
for study by the second ischemic event.
The second set of observations which support the notion that
the IARF kidney is not highly vulnerable to additional ischemia
are the histologic data from these above functional studies.
18-hr Post 40 mm RAO 48 hr Post 40 mm RAO
Fig. 7. Histologic scores for IARF rats 18 or 48 hr post-40 mm of RAO
with or without an additional 25 or 40 mm of ischernia (I = mildest
injury and 6 = most severe injury observed). No significant exacerba-
tion of the degree of histologic injury was observed in rats subjected to
a second ischemic event.
Unlike GFR, which allows assessment of susceptibility of
functioning nephrons to ischemia, histologic analysis presum-
ably permits evaluation of morphologic susceptibility of the
entire nephron population. The results of these studies were
striking in that blinded semiquantitative analysis failed to reveal
a significant exacerbation of the degree of ischemic injury in the
IARF kidneys by the superimposition of a second ischemic
event. Clearly, the ability to detect fresh injury in the IARF
kidneys was compromised by the prior histologic damage. For
example, the mild tubular injury induced by 25 mm of ischemia
could have been obscured by the severe background
histopathology. However, that histologic changes induced by a
second 40-mm ischemic episode could also have been com-
pletely masked by this background injury suggests that this new
morphologic injury must not have been particularly profound.
Although many tubular segments showed confluent necrosis, a
majority did not. Thus, a lack of intact tubular cells able to
respond to a second ischemic event cannot be blamed for this
failure to observe a significant histologic change. That grada-
tions of histologic injury were observed within each group of
kidneys indicate that severe tubular injury per se does not
preclude semiquantitative analysis of degrees of injury. Finally,
that new tubular injury can be documented in kidneys with
established IARF has previously been demonstrated [23].
The third set of observations which support the notion that
the IARF kidney is not inordinately vulnerable to a second bout
of ischemia are the follow-up studies of rats subjected to either
one or two 40-mm ischemic events. Clearly, the degree of
azotemia was transiently exacerbated by superimposing the
second 40-mm period of renal ischemia. This was to be ex-
pected in view of the previously documented acute decreases in
C0h in response to the additional injury (for example, 60% loss
of baseline C0h after 40 mm RAO in 18 hr IARF rats; Table 2).
Such a decrease in clearance, although quantitatively small
(approximately 0.1 ml/min/lOO g body wt, Table 2) would be
expected to approximately double the degree of baseline
azotemia, a finding which was observed in these rats (Figs. 5
and 6). However, despite this additional injury BUN and
Table 3. Function of IARF kidneys used as histologic controls
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r .'acrr r- I, YV 5-V1L¾ Wt46t
I
lschenilc ARF' 697
Pig. 8. Representative spectrum of hLstopathology noted In acute functional experiments. A, B Moderate (A) to severe (B) lschemlc biJuq noted
3 hr after 40 mm of £40. C, D Moderate (C) tosevere (B) tubular necrosis noted 48 hr followIng 0 nUn£40. B, F Moderate-to-severe tubular
btJury noted In kidneys which were 48 hr post £40 plsss3 hr post an addItional 0 nibs of£40. Thus,these kidneys were subjected to the total
amount of ischemia as sections A and B and C and D combined but no exacerbation of the underlying histopathology Is apparent. (outer medulla
innercortex, X124)
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Table 4. Adenine nucleotide concentrations in IARF and normal rats before and 30 mm after 40 mm of RAO
N ATP ADP AMP AXP EC
Baseline values
Controls 5 22.1 1.0 3.7 0.2 0.9 0.2 26.7 1.3 0.90 0.01
IARF 5 20.9 1.0
(NS)
3.7 0.2
(NS)
0.9 0.2
(NS)
25.5 1.5
(NS)
0.89 0.01
(NS)
30 mm after 40 mm of RAO
Controls 5 3.8 0.3 1.8 0.1 0.9 0.1 6.5 0.4 0.72 0.01
IARF 5 4.1 0.7
(NS)
2.1 0.1
(NS)
0.6 0.2
(NS)
6.8 0.5
(NS)
0.75 0.05
(NS)
Abbreviations: AXP, total adenine nucleotides (ATP + ADP + AMP); EC, adenine nucleotide energy change equals ATP + t/2 ADP/AXP.
Walues are equal to the mean SEM (nmoles/mg tissue protein). Post RAO ATP, ADP, AXP, and EC values were all significantly depressed
(P < 0.01) compared to their baseline values.
Table 5. Sequential BUN and creatinine values (Cr) before and after 40 mm of RAO in control rats, and rats treated with urine
or artificial urine
N
Preischemia 24 hr Postischemia 48 hr Postischemia
BUN CrBUN CrBUN Cr
Controls 7 13 1 0.5 0.04 99 14 2.4 0.5 97 23 2.4 0.7
Urine
P (vs. controls)
7 55 3
(< 0.01)
4.6 0.2
(< 0.01)
52 10
(< 0.05)
1.3 0.2
(NS)
25 3
(< 0.01)
0.8 0.1
(< 0.05)
UrealCr/NaCl
P (vs. controls)
6 50 3
(< 0.01)
5.5 1.0
(<0.01)
56 11
(< 0.05)
1.5 0.3
(NS)
27 6
(<0.01)
0.7 0.1
(<0.05)
ap derived by one-way analysis of variance after testing by Newman Keuls' test. No significant differences were observed between the urine and
artificial urine (urealCr/NaC1) treated groups.
40m+RAO < 1 4OmiriRAO 2
Fig. 9. Histologic scores of kidneys from the sequential BUN. cre-
atinine experiments where 1 = almost normal histology and 6 = most
severe injury observed in any of the histologic sections. This grading
scale is independent of the scale used in Figure 7. No significant
difference in the degree of injury among these two groups of rats was
observed. The RAO x I group had kidneys fixed 9 days postinduction
of IARF. The RAO x 2 group had kidneys fixed 8 days atier the second
ischemic event (9 days from start of experiments). (One kidney from the
RAO x 2 group could not be evaluated due to inadequate tissue
preparation.)
creatinine measurements of both rat groups returned to ap-
proximately 30 and 0.7 mgldl, respectively, within 4 to 5 days
following their last (or only) ischemic event. Furthermore, both
groups regained their baseline BUN and creatinine measure-
ments at the same time (approximately 8 days after the start of
the experiments). These findings are even more striking in view
of the fact that the rats which were blindly randomized to
receive the second ischemic event appeared to have slightly
(NS) worse renal failure in response to the first bout of ischemia
than did the rats randomized to undergo the sham RAO (for
example, creatinines 1.6 vs. 1.2, respectively, Fig. 6). Although
some degree of histologic exacerbation of the baseline renal
injury might well have existed in the late reflow period (> 3 hr),
the degree of histologic resolution noted at the end of these
experiments, although not complete, was also not significantly
affected by superimposing the second ischemic event. Thus,
because it is highly likely that the severity of ischemic injury is
an important determinant of the rate and degree of functional
and morphologic recovery from IARF, these experiments
strongly imply that the pre-existent ischemic damage did not
inordinately sensitize these IARF kidneys to the second ische-
mic insult. That the severity of IARF does, in fact, influence
recovery rates is supported by unpublished observations from
this laboratory and by the fact that the rats subjected to one
40-mm episode of RAO showed a strong correlation between
peak BUN concentrations and the number of days required for
each rat to return its BUN to within the normal limits (r = 0.86,
P < 0.01).
The above experiments have compared whole kidney func-
tional and morphologic resistance of IARF and normal rats to
ischemic injury. To gauge subcellular resistance to ischemia,
we have contrasted the ability of IARF and normal kidneys to
normalize their adenine nucleotide energy charges within the
first 30 mm of reflow following a 40-mm period of RAO. Of note
is that the first 30 mm of reflow is the period of most rapid
improvement in cellular energetics following RAO and that the
degree of impairment of this process correlates with the sever-
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Fig. 10. Representative spectrum of histopathology noted 9 days postinduction of IARF. A, B Kidneys 9 days post I episode of RAO showing both
normal tubular segments and segments with tubular dilatation and/or intraluminal cellular debris. C, D Kidneys 8 days post a second episode of
RAO showing normal tubular segments and a focal area (D) with severe tubular dilatation, flattening/loss of tubular epithelium and intraluminal
debris. These changes did not significantly differ between rats subjected to one or two episodes of RAO. (outer medulla inner cortex, x 156)
ity of ischemic injury [24]. Thus, we reasoned that if IARF
tubular cells, and in particular their mitochondria, had in-
creased susceptibility to ischemia, their ability to reconstitute
ATP and the energy charge might be less than normal during
this critical early reflow period. However, this was not the case.
Prior to the 40 mm of RAO, IARF and normal kidneys had
nearly identical adenine nucleotide concentrations and normal
energy charges (approximately 0.9). It is well established that
with greater than or equal to 15 mm of RAO the energy charge
falls to less than or equal to 0.3 (for example, [24] and
unpublished observations, this laboratory). By 30 mm of reflow,
the IARF and control kidneys had comparable ATPs and
energy charges (0.75 IARF; 0.72 controls). This indicates that
the mitochondria plus or minus glycolytic pathways, although
presumably injured by the prior 40 mm of ischemia, were not
highly vulnerable to the second bout of RAO since they could
rephosphorylate adenine nucleotides at least as rapidly as
controls. Furthermore, no greater leakage of adenine nude-
otides out of tubular cells was apparent in the IARF versus the
normal kidneys following the 40-mm ischemic challenge since
AXP concentrations were nearly identical by the end of the
30-mm reflow period. Clearly, these data do not conclusively
prove that IARF tubular cells do not have increased vulner-
ability to additional ischemia since only one aspect of subcel-
lular function following ischemia was assessed. However, they
do strongly support the whole kidney functional and mor-
phologic data which suggest that this is, in fact, the case.
The reason for the surprising lack of susceptibility of the
IARF kidney to further ischemic injury cannot be stated with
certainty on the basis of the available data. However, one
attractive hypothesis is that renal failure-induced increments in
solute loads per nephron conferred protection to previously
injured nephrons. This possibility is suggested by the observa-
tion that normal rats with acute uremia induced by intra-
peritoneal urine injection had striking functional and mor-
phologic protection against 40 mm of RAO. Of note is that the
degree of azotemia in these rats at the time of RAO was
comparable to that observed in the IARF rats. Other studies
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have suggested that renal failure-induced alterations of the
internal milieu can confer protection against ischemia by ill-
defined humoral or vascular mechanisms [25—33]. However, the
comparable protection observed in intraperitoneal urine-treated
rats and the solute matched artificial urine-treated rats suggests
that this protection may only be a result of solute loading rather
than being due to more subtle alterations induced by the uremic
state.
On the basis of these studies we conclude that the IARF
kidney, at or near the height of its functional and morphologic
impairment, does not have increased vulnerability to further
ischemic injury. Rather, based on clearance data, morphologic
studies, and recovery times, it appears that a modicum of
protection against additional ischemia probably exists. The
mechanism for this relative protection may be due, at least in
part, to renal failure-induced increments in solute loads per
nephron.
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